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Introduction
Meal size, defined as the amount of mate-
rial ingested during a single bout of feeding, has 
commonly been observed to increase with food 
deprivation at a progressively decreasing rate, 
approaching a maximum asymptotic value. The 
pattern of increase often appears to reflect the 
dynamics of muscular evacuation of some stor-
age component of the digestive system (Barton 
Browne, 1975; Holling, 1966; Hunt & Spurrell, 
1951; Dufort & Wright, 1962). Several authors 
have fitted exponential curves to these data, un-
der the assumption that the rate of evacuation 
can be considered a linear function of the vol-
ume of gut contents (Holling, 1966; Hunt & Spur-
rell, 1951). Evidence in support of this assump-
tion is available from studies of gut emptying in 
several disparate species (Green, 1964; Davey & 
Treherne, 1963; Quigley & Louckes, 1962).
Inhibitory influences from mechano-recep-
tors in the gut and abdomen have been impli-
cated as the principal active agencies in regu-
lating meal size and duration in several insect 
species (review in Barton Browne, 1975). Che-
moreceptors responding to feeding stimulants 
appear to adapt rapidly during sustained inges-
tion and may therefore play only a minor role in 
the determination of meal size. Whether these 
generalizations, derived mainly from studies of 
Diptera and Orthoptera, apply equally well to 
the digestive physiology of other insect groups 
is not known.
The larvae of the Chrysopidae are unusual 
among insects in that their lack of a patent con-
nection between midgut and proctodeum pre-
cludes bulk movement of ingesta through the 
digestive tract (Killington, 1936). Solid waste 
materials accumulate in the midgut as a black-
brown, viscid mass and are excreted following 
the imaginal molt. Emptying the crop and mid-
gut is thus entirely a consequence of absorp-
tion, a situation unlike that encountered in most 
other animals. The peculiarities of their diges-
tive morphology suggest that the regulation of 
feeding in chrysopid larvae may entail rather 
different physiological mechanisms from those 
described from better-known species. A study 
of the influence of deprivation on feeding be-
havior and meal size in these insects may help 
to elucidate some of the features of the regula-
tory mechanism.
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Abstract
The course of repletion and the effects of food deprivation on meal size were explored in three 
experiments on larvae of Chrysopa carnea (Neuroptera). Feeding to repletion was found to oc-
cur within the first 30 min of exposure to food. Meal size increased as an ogival function of de-
privation, up to the limit of gut capacity. Behavioral components involved in the initiation of 
feeding were little affected by deprivation and did not appear to be inhibited by distention of 
the gut. Termination of a meal may be mediated by the stimulation of prey-release behavior, 
rather than by inhibition of feeding.
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Materials and Methods
The course of repletion, as indicated by the 
amount consumed and the duration of feeding 
behavior, and the effects of food deprivation on 
meal size were explored in a series of three ex-
periments on the predatory larvae of Chrysopa 
carnea  Stephens (Neuroptera, Chrysopidae), a 
common green lacewing. Eggs were obtained 
from a laboratory culture maintained at the 
University of California Agricultural Experi-
ment Station in Albany, California. All animals 
used in this study were second to tenth genera-
tion descendants of adults captured in the field. 
The larvae were reared in individual 15-ml vi-
als in a controlled environment: 21.0 ± 0.5°C, c. 
50% R.H., and a 16 h light: 8 h dark light cycle. 
Freshly-killed pea aphids, Acyrthosiphon pisum, 
were supplied in excess once daily. Experiments 
were conducted on the day following the first 
moult, about 7–8 days after hatching.
Preliminary observations indicated that 
chrysopid larvae do not maintain themselves 
at uniform levels of hunger in the rearing vials, 
even when provided with superabundant prey, 
but that confinement for 30 min in continuous 
contact with food apparently suffices to induce 
satiety. To substantiate these observations, it 
was necessary to follow the course of repletion 
during extended feeding sessions before and af-
ter a period of food deprivation. Confined sin-
gly in weighing capsules, nine larvae were sup-
plied with an excess of late-instar pea aphids 
and allowed to feed ad libitum for 90 min. The 
residual food was then removed, and the an-
imals were kept without food for 3 h. A fresh 
sample of aphids was then introduced, and an-
other 90-min feeding period ensued. Weights of 
larvae and aphids were determined at succes-
sive 30-min intervals for the course of the exper-
iment on a Cahn M-10 Electrobalance.
To examine the relationship between meal 
size and degree of deprivation, twenty animals 
in each of six treatment groups were fed to sa-
tiety and deprived for set periods of up to 12 
h. Meal size was estimated from the increase in 
larval weight during a subsequent 30-min feed-
ing period.
For observations of the frequency and du-
ration of feeding episodes under confined con-
ditions, nine larvae in each of two treatment 
groups were fed to satiety and deprived for ei-
ther 2 or 8 h. They were then confined individ-
ually in 27 × 8 mm Syracuse watch glasses and 
provided with four to six freshly-killed, late-in-
star pea aphids. The number and duration of 
apparent feeding episodes were recorded every 
15 min during a 90-min feeding session.
Results
A significant increase in larval weight was 
observed only within the first 30 min of feeding 
in the repletion experiment (Figure 1; P < 0.001). 
The larvae lost a small but consistent amount of 
weight during deprivation, about 0.056 mg/h. 
The aphids exhibited a significant loss of weight 
during all intervals of the feeding periods (Fig-
ure 1; P < 0.001).
Within each treatment group, meal size 
showed a significant linear correlation with 
post-satiation body weight. The correlation was 
negative in the undeprived controls (r = –0.54; P 
< 0.01), but positive at higher levels of depriva-
tion (r between 0.44 and 0.87; P < 0.025). Analy-
sis of covariance among the experimental treat-
ments showed no significant heterogeneity of 
regression coefficients, so the meal size data 
were adjusted for effects of body weight using a 
pooled slope estimate.
An ogival curve was fitted to these data us-
ing Eisenthal & Cornish-Bowden’s (1974) direct 
linear plot, which produces a form of hyper-
bola (Figure 2). The log-linear transform sug-
gested by Holling (1966) was not used, since it 
necessarily produces an estimate of the maxi-
mum asympote in excess of the largest ordinal 
value. Holling’s technique is also subject to the 
criticisms leveled by Cornish-Bowden & Eisen-
thal (1974) at the use of linear transformations 
in studies of enzyme kinetics: it assumes a nor-
mal distribution of error and is highly sensitive 
to outlier points.
Larvae confined with an excess of food 
spent a substantial proportion of their time in 
apparent feeding activity (Figure 3), even dur-
ing the last hour of exposure, when the reple-
tion experiment revealed no significant weight 
increase. Throughout the period of observa-
tion, animals subjected to longer deprivations 
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fed for a consistently greater proportion of 
the time, although none of the individual dif-
ferences attained statistical significance. Nei-
ther total duration of feeding nor total number 
of feeding episodes differed significantly be-
tween deprivation levels. The mean duration 
of individual feeding episodes was shorter in 
lower-deprivation animals, however, and the 
difference was marginally significant (P < 0.05; 
one-tailed t-test).
Discussion
No significant weight gain was observed 
during the last hour of the 90-min feeding peri-
ods, even after deprivation for 3 h. 30 min of ex-
Figure 1. Weight changes during feeding and food deprivation in Chrysopa larvae; data from the repletion ex-
periment. Filled circles indicate Chrysopa larval weights; open circles indicate weight of food items (aphids). 
Points are means and 95% confidence limits of nine replications.
Figure 2. Meal-size curve in Chrysopa larvae. Points 
indicate weight gained in 30 min of feeding after the 
designated period for food deprivation. Values are 
means and 95% confidence limits of twenty replica-
tions. Curve indicates fit of hyperbolic function: y = 
0.581 x/(x + 1.99).
Figure 3. Proportion of time spent by Chrysopa larvae 
apparently feeding in the presence of excess food, by 
15-min intervals. White bars indicate 2 h deprivation; 
black bars, 8 h. Values are means of nine replications.
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posure to food must therefore be sufficient for 
feeding to repletion in Chrysopa and is proba-
bly well in excess of the minimum time require-
ment. Several species of blood-sucking insect 
can apparently achieve satiety in less than 15 
min (Christophers, 1960; Friend, 1965; Galun & 
Margalit, 1969).
The continued decrease in the weight of the 
prey after the larvae have ceased to gain weight 
could imply that continued ingestion is masked 
by concomitant excretion during the last hour 
of the feeding periods. Close examination of 
five animals during prolonged bouts of feed-
ing, however, revealed no simultaneous excre-
tion. Copious release of dark brown urine was 
observed only after the animals had completely 
relinquished the remains of their prey and were 
resting immobile at some distance from the 
feeding site. On the other hand, chrysopid lar-
vae commonly consume only a portion of their 
prey, and fluids will continue to drain from the 
bodies of punctured aphids for several hours, so 
that passive leakage of prey body fluids proba-
bly explains the sustained weight loss.
The meal-size curve suggests that the high-
est value is strongly deviant and that the true 
best estimate of maximum meal size lies well be-
low it. Animals deprived of food for 12 h appar-
ently undergo a certain degree of wasting, losing 
weight that cannot be recovered in a single feed-
ing session. These larvae exhibit a lighter post-sa-
tiation body weight than their actual gut capacity 
should warrant, causing the adjusted mean meal 
size to fall significantly above the fitted curve. If 
we correct the original data from 12 h animals 
for the influence of body weight using only the 
within-treatment slope estimate, the resulting 
mean meal size does not differ significantly from 
that predicted by the hyperbolic function. The re-
lationship between deprivation and meal size in 
Chrysopa is apparently similar to that described 
for other insect species (Holling, 1966), in spite of 
the major difference in gut morphology.
Arzet (1973) found that deprivations of up 
to 72 h had no significant effect on feeding in 
Chrysopa, but his experimental design differed 
from mine in several crucial respects. He did 
not standardize the level of satiety in his ani-
mals before testing them, and he measured not 
the amount of food actually consumed, but the 
number of aphids killed, a variable that bears 
no necessary relationship to meal size. Addi-
tionally, he observed predation over a period 
of 4 h, sufficiently long for normal maintenance 
feeding to have obscured any consequences of 
the deprivation.
Because of the suctorial feeding technique 
employed by chrysopids, it is seldom possible 
to tell from direct observation whether ingestion 
is taking place. If satiety is usually attained dur-
ing the first 30 min of exposure to food, how-
ever, much of the apparent feeding behavior ob-
served in the later portions of a feeding period 
must occur in the absence of ingestion. It fol-
lows that the behavioral components involved 
in the initiation of feeding are not directly inhib-
ited by gut distension, although the gradual de-
cline in feeding activity toward the end of the 
observation period suggests regulation by some 
long-term, persistent effect of satiety.
There are suggestions in the literature that a 
physiological distinction between feeding ini-
tiation and feeding maintenance may be com-
mon to many insect species. Orientation to food 
and biting behavior are often elicited by differ-
ent stimuli from those that produce sustained 
ingestion (Dadd, 1970; Hamamura, 1970). There 
is also evidence that the earlier components in 
feeding behavior are less responsive to changes 
in hunger level (Gardner, 1964; Holling, 1966). 
In this case, however, persistence in attempting 
to feed when the larvae are physically incapable 
of further intake may well be an artifact of re-
quiring them to feed in confinement or on hori-
zontal surfaces.
When chrysopid larvae encounter aphids un-
der more natural conditions, they usually con-
sume them while clinging to the undersides 
of leaves or hanging head-downward along a 
stem. In these circumstances, the remains of the 
aphid drop free of the plant and are lost when 
the predator first releases its hold. The larva 
in its natural environment seldom has the op-
portunity to feed repeatedly on the same prey 
individual.
In contrast, release of the prey on a horizon-
tal surface does not remove it from continued 
contact with the predator. Either because the 
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sensory units that initiate feeding do not adapt 
with continued ingestion, or because feeding 
behavior is generated endogenously and does 
not require continued exogenous excitatory in-
put to sustain it, efforts to feed are immediately 
re-initiated. I suggest that larvae do not nor-
mally attempt to extend the meal beyond the ca-
pacity of the gut, but that the releasing behavior 
that usually terminates a bout of feeding is inca-
pacitated on horizontal surfaces.
Support for this hypothesis can be found in 
two sets of observations. First, when chrysopid 
larvae are deprived for either 2 or 8 h and then 
allowed to feed on a single aphid on a vertical 
rod, the hungrier animals feed for over twice 
as long as the low-deprivation larvae, and vir-
tually all meals are terminated by releasing the 
remains of the prey (Bond, 1976). Secondly, the 
hypothesis implies that animals at lower depri-
vation levels in the repletion chambers should 
exhibit shorter individual feeding bouts, as a 
consequence of attempting more often to break 
off feeding and terminate the meal. This infer-
ence is supported by the results of the experi-
ment on time spent feeding, in which the dura-
tion of bouts of apparent feeding behavior was, 
on the average, shorter for animals at lower de-
privation levels.
The results of these three experiments indi-
cate that the general features of regulation of 
meal size in chrysopids may differ from those 
described for other insects. Sensory units that 
excite feeding behavior may not decline in ac-
tivity early in the meal, or they may produce 
persistent central excitatory states that main-
tain feeding efforts even after the receptors 
themselves have adapted. Under either circum-
stance, receptor adaptation would be only min-
imally involved in the regulation of meal size. 
The gradual decline in apparent feeding behav-
ior may be attributable to some inhibitory neu-
ral or humoral consequence of repletion, but the 
degree of distention of the gut and abdomen 
cannot be directly responsible. On the other 
hand, meal duration under more natural con-
ditions is closely tied to the volume of gut con-
tents, implying that the control of meal size in 
Chrysopa is usually mediated through the stim-
ulation of prey-release behavior, rather than the 
inhibition of continued feeding. More thorough 
investigations of the behavioral physiology of 
these animals will be required, but these prelim-
inary results suggest that generalizations drawn 
from studies of Phormia or Locusta may be of 
limited value in describing the control of feed-
ing in predatory Neuroptera.
Acknowledgments
I wish to thank Dr. G. W. Barlow, Dr. K. S. 
Hagen, R. L. Tassan, and S. J. Spengler for ad-
vice and assistance throughout the course of 
this study; and Dr. R. H. Dadd and Dr. R. L. 
Caldwell for critical reading and discussion of 
the manuscript. This research was supported in 
part by a predoctoral fellowship from the Na-
tional Institutes of Mental Health.
References
Arzet, H.R. (1973) Suchverhalten der Lar-
ven von Chrysopa carnea  Stephens 
(Neuroptera:Chrysopidae). Zeitschrift für An-
gewandte Entomologie, 74, 64–79.
Barton Browne, L. (1975) Regulatory mecha-
nisms in insect feeding. Advances in Insect 
Physiology, 11, 1–116.
Bond, A. (1976) Hunger and foraging in the 
green lacewing, Chrysopa carnea  Stephens. 
Unpublished doctoral dissertation, Univer-
sity of California, Berkeley.
Christophers, R. (1960) Aedes aegypti, the Yel-
low Fever Mosquito: Its Life History, Bionomics, 
and Structure. Cambridge University Press, 
London.
Cornish-Bowden, A. & Eisenthal, R. (1974) Sta-
tistical considerations in the estimation of 
enzyme kinetic parameters by the direct lin-
ear plot and other methods. Biochemical Jour-
nal, 139, 721–730.
Dadd, R. H. (1970) Arthropod nutrition. Chemi-
cal Zoology, 5, 35-95.
Davey, K. G. & Treherne, J. E. (1963) Studies 
on crop function in the cockroach (Peripla-
neta americana L.). I. The mechanism of crop-
emptying. Journal of Experimental Biology, 40, 
763-773.
32  A. Bo n d i n Phy s i ol og i c a l Ent om ol og y  3 (1978) 
Dufort, R. H. &. Wright, J. H. (1962) Food intake 
as a function of duration of food depriva-
tion. Journal of Psychology, 53, 465–468.
Eisenthal, R. & Cornish-Bowden, A. (1974) The 
direct linear plot: A new graphical proce-
dure for estimating enzyme kinetic parame-
ters. Biochemical Journal, 139, 715-720.
Friend, W. G. (1965) The gorging response in 
Rhodnius prolixus Ståhl. Canadian Journal of 
Zoology, 43, 125–132.
Galun, R. & Margalit, J. (1969) Adenine nucle-
otides as feeding stimulants of the tsetse fly 
Glossina austeni. Nature, London, 222, 583–584.
Gardner, B. T. (1964) Hunting and sequential re-
sponses in the hunting behaviour of salticid 
spiders. Journal of Comparative and Physiologi-
cal Psychology, 58, 168-173.
Green, G. W. (1964) The control of spontane-
ous locomotor activity in Phormia regina Mei-
gen. II. Experiments to determine the mecha-
nism involved. Journal of Insect Physiology, 10, 
727-752.
Hamamura, Y. (1970) The substances that con-
trol the feeding behaviour and the growth 
of the silkworm Bombyx mori L. Control of In-
sect Behavior by Natural Products (ed. by D. L. 
Wood, R. M. Silverstein, & M. Jakajima), pp. 
55–80, Academic Press, New York. 
Holling, C. S. (1966) The functional response of 
invertebrate predators to prey density. Mem-
oirs of the Entomological Society of Canada, 
48,1–86. 
Hunt, J. N. & Spurrell, W. R. (1951) The pattern 
of emptying of the human stomach. Journal 
of Physiology, 113, 157-168. 
Killington, F. J. (1936) A Monograph of the British 
Neuroptera, Vol. 1. The Ray Society, London. 
Quigley, J. P. & Louckes, H. S. (1962) Gastric 
emptying. American Journal of Digestive Dis-
eases, 7, 672-676.
